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ABSTRACT

MODIFICATION OF SINGLE WALLED CARBON NANOTUBE THIN
FILMS FOR SUPERCAPACITOR ELECTRODES

Durukan, Mete Batuhan
MSc., Metallurgical and Materials Engineering Department

Supervisor: As s oc . nhRrl afn. Dr . H¢ s no

September 201,84 pages

Electrochemical capacitors, or supercapacitors, attracted a lot of attention in recent
years due to their stability under numasochargalischarge cycles, higkharge
discharge rates, and high power density when compared to batteries and conventional
capacitors. Since their energy density is much lower than batteries, current research on
supercapacitors is focused on improving the energy density through theptesst

of novel active materials and innovative design of the electrodes.

Carbon nanotubes are promising materials for batteries and supercapacitors with their
unique morphology and electrical properties. They have highly accessible surface area,
efficient electromc transport without scatterirend high stability, all of which makes

them suitable candidates as electrode materials for electrochemical capacitors.
Furthermore, their composites in conjunction with pseudocapacitive materials are also

investicated extensively primarily for the electrochemical performance enhancement.



In this work, single walled carbon nanotube (SWNT) thin films are used as
supercapacitor electrodes. Main idea of this thesis is to fabricate nanocomposite
supercapacitors and miesupercapacitors using cost effective and simapkkscalable
routes In this regard, in the first part, SWNT thin film electrodes are used as current
collectors and decorated with cobalt oxide {Q4) nanoflakes using electrodeposition
and consecutive nmealing processA gravimetric capacitance of 313.B.d1,
corresponding to an areal specific capacitance of 70.5 m¥ismbtained from the
fabricated electrodes at a scan rate of\l/s. A capacity retention of up to 80%
following 3000charge/dischamgcycles is obtained for the fabricated nanocomposite
electrodes, while morphological evolution of the electrodes was monitored through
high-resolution transmission electronicroscopy during cyclingin the second part,

are laser patteed SWNTthin films on glass substrates arsed for the fabrication of
micro-supercapacitors. Laser patterning is proposed for the formatioteafigitated
electrodesA specific capacitance of 3.50 mF.2mat a scan rate of 10 mV/s was
obtained from the SWNT buckypaper that was laser ablated to form intatelbi
finger electrodes. A capacity retention up to 97% was attained at an applied ofirren

3 mA following 1000 chargeischarge cycles.

Keyword: carbon nanotubes, energy storage, supercapacitors, cobalt oxide, micro

supercapacitors
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CHAPTER 1

INTRODUCTION

1.1  Introduction to Electrochemical Capacitors and their Current Status

Early examples of capacitors daback before the invention of batterigs 1800,

Vol t a,dnswhighild century researchers relied bayden jarfor energy storage.
Leyden jar consisted afsilver foil (as the electrodes) coated both inside and outside
of a glass jar, which acted as a dielectric material. Inner silver foil could be charged
with an electrostatic generatavhich was allowed by the outer foil beiggounded

and could provide an electrical discharge for simple devices backlt/2¢n

First patented in 957, electrochemical capacitorECs) also known as
supercapacitor6€SCs) have been known for almost 60 yef8k SCs areébased on a
capacitor making use of the high surface area of cdfdh ECs are attracted much

more attention as potential energy storage devices due to their fast discharge rate, long
cycle life and high power densify]. Benefiting from these propertie&Cs are highly

appealing wheslow power uptake and delivery of-ldn batteriesare congiered[6].

With modern advanceas technology there are several utilization areas in which the
SCs replaced batterige complement the need for the increasing power ddmaf
energy storage system®ne such commercializatioexample came fronMaxwell
Technologies. Theisupercapacitorsvere used in stagtop systems, assisting the
power demand, and shdadrm backup for powering the sensors of automolfilesd

by Geneal Motors, Lamborghini, Continental AG and PSA&]. Moreover,Maxwell

T e ¢ h n o buparapackod modulegFig. 1.1 were used in energy grid systems
which stores excess enemgytainedrom the solaand wind power systems and excess
energy stored ideployed when the demand is high. Another example is the dos

of Airbus A38Q Supercapacitors are used to provide high power output, allowing the

aircrat 6 s heavy dmdepenslentlyn aaseod emargead?].



Figure 1.1 Ultracapacitor mdules with different specificatien from Maxwell
Technologie$10].

Thereare also buss that operates only witBCs. In 2009, a Chinesmmpanyin

conjuctionwith Volvo, usedSCsto power ugnner city buses in Shangdigure 1.2)
These supercapacitorere made of activated carbevhich hal only5% oftheenergy
densityof the lithiumion batteriesWhile it needs to be chargedevery 3to 5 miles,

it was reported that tHéetime fuel savings can achieve at least $200,[a00.

Figure 1.2A photo of an electric bubat operate only witiupecapacitors in Shangai,
China[11].



1.2  Working Principles of ECs

Both batteries an@Cs depend on electrocharal processes for storing energihne
difference between these two devices come from ted@ive energy and power
densities Li-ion batteries depend on the intercalation dfibns into the bulkof the
electrode which allows redox reacti@ito occur n a diffusioncontrolled manner,
showing slowcharge/dischargeates. On the other hand, energy storag8ds are
confined to the surfaaaf the electrodes hus these devices have much faster reaction

rates compared to batteries, yet also haueh lessnergy density12].

Conventiona capacitors and SCsely on the same working principles. Their
classification is dne consideringheir physical states dhe dielectric mechanism.
Classification of capacitors can be seerthia chart provided ifrigure 1.3.Unlike
batteries, conventional capacitmanalsorapidly store and release energie SCs.

However, what differs is that SCs utilize high surface area electrodes and much

Capacitors
— | |
Electrochemical Electrolytic Nonelectrolytic
capacitors — Aluminum - Dielectric
— Tantalum — Film i
— Ceramic
— Variable
| Pseudocapacitors Hybrid
EDLC
* i\Ct'VatTd carbon Redox-asymmetric Batter 't
« Aerogel )  PB/PBO. — AC attery/capacitor
« Carbon nanostructures Carbon/metal oxide/ECP o Ni(OH) 2 AC Combinations
« Graphene Composite electrodes R MnOz—zAC
® Graphite/Li - AC
e Li,Ti0,,-AC

Redox polymer
= Polyaniline
+ Polythiophene
= Polypyrole

Figure 1.3 General classification of capacitors with respect to their physical states or

their dielectric material [1]

Redox metal oxide
* RUO,, Ir0,, RuO,.xH,0
» Coy0,
+ MnO,, V,0,, FeO,

Soluble redox
« Fe(CN), "/ Fe(CN),*
. V2+."V3+."’V02+




thinner dielectrics than conventional capacitdtss allows SCs to possdssth higher
capacitance and energy densiy to 10,000 timeshat of a conventional capacitors

[1]. Having more capacitance than conventional capacitors and very rapid energy
i $Ces ldaeaanexdusivee s 0

storage and release

unl

position between those twdhiscan be observed withgpect tahe energy andqwer

densities in Ragone PIdtigure 1.4)
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Figure 1.4Ragone plotomparingSCsto other energy storage systeféé.

Conventional nonelectrolyticapacitors ansist of two parallel platelectrodes and
dielectric material between thefligure 1.5) Charge is stored electrostatically when

a potential difference is applied; causing migration of the posiidenegative charges

towardsthe surface of the electrodes of opposite polatigpacitance of a capacitor is

measured in farads (Bping theequationbelow:

5
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.where Q is the electric charge on the electrodes ¥nid the potential difference
between themin a parallel pleée capacitor, capacitance can also be calculasay
--0
@]
where(3 andU{) are permittivity of free space and dielectric constaspectivelyA is

P

the area of thelectrode andD is the distance between the electrofdgs

Plate Separation Distance

Charge Q* Charge Q~

Electric field E

Plate area A

Dielectric €

Figure 1.5Schematic representation ofanventional capacitor devi¢a)].

A typical supercapacitatevice consist of two electrodesparated either bysaparator
wetted with an electrolyte or a solid detyte. Solid electrolyteacts both as a
separator and charge carri€harge mechanism differs in SCs depending on the
electrodeactive materials and they are classified edsctrochemical double layer
capacitors (EDCLs) and pseudocapacitors (or redgadtors), which will be
discussed later. Tgecommorty use high surface arealectrodematerials which is
primarily active carbori o r  E &nld @diboxidesfor pseudocapacitortn order to
make use of the whole surface of electrode materadssize of the electrolyte should
be coherent with the pore size of firepared electrodelf the pore size of the prepared
electrode is smaller thahe ion size of the electrolytemn adsorptiem cannot be fully
achieved This drastically decreasé®e capaitance of the systenThus, surface area
of the material and pore size of the electrode for both®Dand pseudocapacitors

should be carefully engineered and appropriate electsatyieuld be selected obtain
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the highest capacitancdt is alsopossible to use partial desolvation of ions toe
adsorption of ions through pores that are smaller than Zonmcrease specific

capacitanc¢l3].

Characteristic properties/performarmarametergor typical capacitors, batteries and

supercapacitorare tabulated and provided Table 11.

Table 1.1 Characteristic propertiggerformancgarameterdor capacitors, batteries

and supercapacitof$].

Characteristics Capacitor Battery Supercapacitor

Storage Mechanism Electrostatic Chemical Electrostatic for EDCk

Redox reactionfor

pseudocapacitors
Charge Storage Charged plates Entire Electrode/electrolyte
electrode interface

Energy Density <0.1 20-150 1-10

(Wh/kg)
Power Density >10 000 <1000 500-10 000

(W/kg)

Discharge Timés) 10°71 103 0.3hi 3h Seconds to minutes
Cycle Life >10° >10° ~1500

1.2.1 Electrical Double Layer Capacitance(EDLC)

Energy storage in EDLCs are purely dependent on electrostatic charge accumulation at
the surface of the materialshich aretypically carbons and their derivatives. Charge

is stored at the electrode/electrolyte interface, making the surface area of the material
and permeability of the electrolyte ions through pores as thé marameters for
capacitancé¢l4]. Carbon materials being very abundant and highly conductive makes

them significant fosuchenergy storage devices.



First model of electrical double layer was suggested by von Helmidllaising a
quasi2-dimensionalsystem having opposlie charged layers separated by a small
atomic distanceWhile the original model was firstdoged for colloid interfaces, it

was later adapted tohte case of electrodaterfacesand lattermodel was further

modified realizing that the ions could be subjected to thermal fluctuation and would

not remain static at the solution side of the double Igy&r The modeivhich is called

Andi ff us-lAyer @acitabciéneoduced by Gouy was again not completely true

since the ions are assumed to be point charges. This leaahtocorrect potential

profile at the electrode surface aexicessivelylarge potential difference prediction

was definedasthe rateof change of net ionic charge on the solution side and change

of metal solutionacross the interphas€hapman[17] mathematically combined

diffuse layer model witlBol t zmannés ener gy di storsi but i
equationto enlarge upon the relation of the distance from the electrode surface with
ionic space charge density in the interphasial region to the second derivative of electric
potential. It should be noted that the mathematical derivation from thercatioh of
Boltzmannds energy distribution function
PoissorBoltzmann equation. Later on, Stejt8] overcame the Goug h ap man 6 s
overestimation of the double layer capacitabcg t aki ng i nto accoun
adsorption isotherm fanner region of the ion distribution. Moreover, region beyond

the adsorption layer was treated in terms of a diffuse region of distributed ionic charge.
Geometric limit of the adsorption region of ions could also be calculated easily if the
ions were ackowledged as having finite size. With this model, Stern calculated the
overall capacitancéy two components; Helmholtz type of double layer having a
capacitance G and a diffuse region of double layer having a capacitagge Thus,

overall double layecapacitance, & was calculated a& series relation according to

an equivalent circuis];

P P
0O o o0



It should be noted that the overall double layer capacitance is governed by the smaller
component of § or Cyirt [5]. Schematic®f Helmholtz, GouyChapman and Stern type

of double layer models can be seen in the followingégkigure 1.6

Diffuse layer Stern layer
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Figure 1.6 Electrical double layer model&) Helmholtz model, (b) Goughapman
model, and (c) Stern model. IHP and OHP refers to the inner Helmholtz plane and outer
Helmholtz plane, respectivelyo andy refers to the potentials at the electrode surface

and the electrode/electrolyte interfacespectivel\{14].

As mentioned before, carbouerivatives are the main ante materias of
commercialized supercapacitors that utiliZ€OLC for energy storage. Carbon
derivativesin commercialized supercapacitors are generally in the form of activated
carbon[19], yet other forms and morphologies of carbons have been researched
extensively such agraphenef20,21], carborfibers[22i 24], nanotubef25,26], nana

onions [27,28], aerogels[29,30] and glassy carbong$31]. Typical properties and
capacitancealuesof carbons can be seen in Table Tiesespecificcarbon materials

have attractea lot of attentiondue to their high conductivity, controllable specifi
surface area and pore structure, good corrosion resistance, high temperature stability

and processabilitj19].



Table 1.2Different carbon materiatsnd their corresponding specific surface areas and

capacitance values

Carbon Materials Specific surface area Aqueous
(m2.g?Y) Electrolyte (F.g%)
Activated carbons 10003500 <200
Functionalized porous carbon 10062000 170220
Carbon nanotubes 120500 50-100
Carbon cloth 2500 100200
Carbon aerogel 400-1000 100125

1.2.2 Pseudocapacitance

As discussed before, douHkeyer capacitance is alvely low since the charge is only

stored physically on the surface of the cadmmousnateriat and manipulation of ion
accessibility and porosity is limited]. Instead of EDLC type of materials,
pseudocagcitive materials can store much more chatig®ugh electrochemical
reductionroxidation reactionsalso known asedox or faradaic reactions. In fact, the
tebmipseudoo has a me an iachigg optfyingltoebe m reekl mo s t
Thus,pseudocapaior meansan electrod having similar electrochemical behavior to

EDLC but with different energy storage mechan[S21.

Pseudocapacitive materiaggore energy with fast, reversible redox reactions at the
surface of the active materiagsich as transition metal oxides or conducting polymers.
Reactions start with mass transfer of reactawardsthe electrode interface to have
electron transfer at the electrode/electrolyte interfatterwards, peceding chemical
reactions takeplacevia adsorption or desorption mechanisms at the surface of the
electrode Ruthenium oxide (Rug) [33], iron oxide (FeOas) [34], zinc oxide (ZnQ

[35], manganese oxide (Mn{J36,37], cobalt oxidgCo04) [38,39]and nickéoxide
(NIiO) [40] are a few examples of such metal oxides; while polyaniline, polypyrrole

and polythiophene are examples of conductive polymdized in SCq41].



RuQ; wasthe first pseudocapacitive material and it wiescovered in 197.1in these
devicescharge storagenvolved storage of protons from ettrolyte by faradaic
reactionsandelectrode®xhibited a capacitor like behavior despisgfaradaic nature.
While the first experimentssed single cryst®uO,, bulk material only had up to 7%

of RU** atoms involved in redox reactianBurther experimentshoweal substantial
increase in capacitanceeatures that was engineered to increase capacity and enable

fast redox reactions includg4];

i Redox behavior of Rii cations

. Rapid electron trangpt provided by the metallic conductivity of RO

iii. Presence of structural water that allows proton transport within the inner
surface

V. Decreased diffusion distances by obtaining larger outer surfacptdiea

While these features were first studigt RuQ,, they are applicable to any eth
pseudocapacitive metal oxidgince similar properties define the capacitive behavior

and energy storagaechanisnof those materials.

Conductingpolymers(CPs)can also store energy through redox reactions, making
them suitable for supercapacit@s pseudocapacitive matesiaCPs typically have

low cost, high conductivity when doped, high agjé window, reversibility andre
environmentally friadly [43]. Depending on the C&nd its doped statenergycan be
stored through ion pairing or delocalization of the charge; both requiring ion
intercalation intathe polymer chaing2]. Mechanism of doping of CPs can be seen

below;

on® 6n o €'Q  (p-doping)
on €Q ©6n o (n-doping)
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Whi | e C Batvwindgwamndeapacitance is comparaol¢hose ofmetal oxides,
their swelling and shrinking during redox reactiorfeamely intercalating and
deintercalating procesgegesuls in a much fasterdegradation compared toetal
oxides [43]. Characteristic properties of some of the CWken utilized as

pseudocapacitor electrodesn be seen in Table3

Table 1.3Characteristic properties of sor@®s as electrode materigdd].

Conducting Polymer Potential  Conductivity Theoretical
Range(V) (S.cnt?) Capacitance (F.d")
Polyaniline 0.7 0.17 5 750
Polypyrrole 0.8 107 50 620
Poly(3,4-ethylenedioxythiophene) 1.2 30071 500 210
Polythiophene 0.8 300- 400 485

In order to overcome the problem oforphological instabilityof CPs, they are
generallyutilized in nanocompositéorm, which further increase theiconductivity,
capacitance or tungheir morphologies to minimize shrinking and swelling during
faradaic ractions.Thus,CPsare coupled with metal oxidesitrides or ferriteg44i
46], nanowireg47,48), grapheng49,50], carbon nanotubd51], carbon fiber$52] or
evenwith otherCPswith different morphologiefs3,54]

1.3 Electrode Materials

1.3.1 Carbon Materials

1.3.1.1Activated Carbons

Carbon basemhaterials have been used widely as supercapacitor electrodes because of
their desirable physical and chemical properties on top of their low cost, processability
and controllable porosity. Being the most abundant one, activated carbons (ACs) can

be produed from carbosrich natural or syntheticprecursor materials through

11



carbonization in inert atmosphe®Cs are widely used because of its high surface
area, moderate cost and easy fabricatioth preparatiofil]. Surface area of the ACs
can be tailored up toSD0m?g, yet some ACs with smaller surface area can provide
better capacitivéehaviorup to 100 F.g [55,56]

1.3.1.2Carbon Nanotubes

Carbon nanotubes (CNTSs), are on¢hafcarbonderivativeshat have a novel structure

with highly accessible surface area, very low resistivity and high electrochemical
stability [57]. Both single walled carbon nanotubes (SWNTSs) andinvalled carbon
nanotubes (MWNTS) are studied extensively for supercapacitor d¢x8;64,58,59]
SWNTs are wrapped up cylinders of one atom thick graphite (so called graphene)
layers. Depending on the wrapping angle (Figui® they are classified as armchair,

zigzag and chiral.
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Figure 1.7 Different structures of SWNTs. From left to right, armchair, zigzag and
chiral SWNTS[60].
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Importance of CNTs for supercapacitor application arises from three characteristic

properties,

I Due to their tubular structures, CNTs have much better percolation than
their other carbo#based counterparts,

i. lon diffusivity is much easier especially in composite form because of the
entanglement, creating an open mesoporous network for active materials,

iii. High resilience of CNTs allow better cycling performance in the case of

volumetric changefb7].

1.3.2 Metal Oxides

1.3.2.1Ruthenium Oxide (RuQ)

As mentioned in 1.1.2, RyQvas f ér st di s c pstoesenagywith 1971
faradaic charge transfer reactions, yet showing capacitor like behavior in CV
measurements. While theoretical specific capacitance of ;Rw@s found as

1450 Fg' from below reaction whei=2, subsequent studies obtained capacitance

values around 700 Fgusing the structural wat§s1,62]

YOoUO0O 7 0 7 QP Y6U 0O

RuQG:is one of the best canditate among other transition metal oxides due to its large
potential window up to 1.2 V, which coima three highly reversible oxidation states,
good thermal and chemical stability, good cycling performance and high proton
conductivity. Charge transfer within Ru@ easy because of its quasetallic
conductivity[43]. Moreover, hydrated Ru®eported to have better capacitance due to
easier cation diffusion via hoppin@3]. Yet, their high cost, possible toxicity to
environment limited its use only to military appliances and prevented its widespread

commercialization.

13



1.3.2.2Manganese Oxide (MnQ)

First research on pseudocapacitive behaviour of Mw&s conducted in 1999 on
amorphous Mn@nH:0 in aqueous KCtlectrolyte, yielding a specific capacitance of
approximately 200 F§[64]. Other than Rug only MnG: shows a capacitive behavior
close to an ideal EDLC with a rectangular shajp@\ among other transition oxides.
Faradaic reactions of MnOn aqueous electrolytes takes place through transition

between its +4 and +3 oxidation states as shown Hdi@jv

DED ®O QP B D&

, Where alkali metal cation is representeddby

Theoretical specific capacitance of Mn€an reach up to 1300 #gn addition to its
abundancy, low cost and low toxicity all of which makes Ma@Qood replacement for
Ru®,. However, MnO: lacks the electronic conductivity of Rue(Qlelectronic
conductivity of RuQ; is 10* S cm* while that of MnQ is only 10° S cm?); while
increased crystallinity makes up for the conductivity, it limits the proton exchange,
hence lowering the capacitanp&,65] Yet, studies on different MnOstructures
reported gravimetric capacitances ranging from 200 to 850 Wigh aqueous

electrolyte NaSQy, proving that Mn@remains as a good replacermehnoice[66i 68].

1.3.2.3Nickel Oxide (NiO)

With high theoretical specific capacitance reaching up to 260 RiD received

considerable attention asapercapacitor electrode matef9]. It is considered to be
an alternative electrode material in alkaline electrolytes forfeg@ecially for its ease
of synthesis and low cost. Energystored in NiO via faradaic reaction in a KOH

electrolyte via the following reaction:

6 Q0 6 0P § QD § 0Q
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In spite of its high theoretical specific capacitance, problems such as poor cycle
performance and high resistivity prevents supercapachiased on NiO to obtain
similar capacitance valu§43]. To solve these problems, generally composites such as
Co-Ni/Co-Ni oxides[70] or Ca0Os-MnO2-NiO ternary composite nanotubfgd] with

highly porous mrphologies are formed.

1.3.2.4Cobalt Oxide (CwOa4)

Oxides with spinel crystal structure offers three dimensional diffusion pathways. Being
one of them, CsD4 offers good supercapacitive behavior due to its intercalative
pseudocapacitance provided by its unique structure on top of its large surface area, high
conductivity, long term performance, environmentally friendliness, and good corrosion
stability [43,72]. CaO4 belongs to'O@Qda space group, having cobalt ions with two
different oxidation states, €oand Cg*, located at the interstitial tetrahedral and
octahedral sds, respectively73]. Represetative structure of G®4 can be seen in
Figurel.8.

Figure 1.8 Cobalt oxide unit cell (left) and primitive cell (right), respectivigg].
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Pseudocapacitance of €& in aqueous electrolyes originates from the faradaic
reaction below43],

6¢é0 O0 UOOP 00€0U0@

while its battery like properties due to'lintercalation arises from below reactiaw],

0¢0 W 10 Q0 00 ¢

Even though Cg#D4 shows a battery like behaviour, some studies have reported specific
capacitances up to 7@D0 Fg' [75,76], showing that CsDs is still a good candidate

for EC electrodes.

14  Electrolytes

Capacitive behavior of th8Cs are heavily depermh the electrolytes, depending on
their ion size, ionic conductivity, voltage window and stabilitpn size of the
electrolyte affects the performance directly depending of the ion accessibility through
pores. lonic conductivity is important for the overallernal resistance ancharge
transkr resistance of the supercapacitor devigleseover, energgnd powedensites

of the SCs also dependn the voltage window of the electrolyte. While all of the
aforementioned factors are very important fdhe commercialization of
supercapacitorgheir flammability, volatility and corrosion potential should also be
low. Relationship between the electrolytes and their effect orpénformance of

supercapacitors can be seen in Figuée 1.
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Electrolytes can be grouped into five differeategoriesywhich areagueousorganic,

ionic liquid based, solidtate, and redox active electrolytes.

Ion size
*  Matching
between pore
size and ion size

Electrochemical
stability
Concentration

Figure 1.9 Sketch showing theetationship between electrolytes and their effect on

electrochemical supercapacit¢rs].

14.1 Aqueous Electrolytes

High ionic mobility and conductivity with low hazard levels #ine main factors of
preferencdor aqueous electrolytesspecially innovel materials for supercapacitors.

Yet, for commercial electrochemical supercapacitors, aqueous electrolytes are not
preferred due to their low voltage windamd leakage problem. Still, most of the
researclon supercapacitors asenductedusingaqueous eléwmlytes, mainly due to

their availability and low cost. Moreover, they do not need any special laboratory

conditionssuch as moisture and oxygen level contifolis, can be used eadiir].
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Acid, alkaline and neutral solutions are three subgroups that can be classified for
aqueous electrolytes such aadfuric acid H2SQy), potassium hydroxide (KOHand
sodium sulfate Na.SQu), respectively.With 0.8 S.cn¥ ionic conductivity, H2SQq
exhibits muchhigher conductivity than organic or ionic liquid based electesly
resultingin abetterequivalent series resistance (ES#®en utilized in SCHowever
possible hydrogen evolutioat 0 V and oxygen evolution at 1.23 (Vs. standard
hydrogen electrode (SHE)estricts the usef agueous electrolyte and shows possible
threat tosafety and performance decreaser gafety, potentialvindow of aqueas
electrolytes is limited td V [77].

1.4.2 Organic Electrolytes

Organic electrolytes are generally preferred for commerciabesause otheir large
potential window upto 2.8 V, which allows higherenergy and power densities
compared to aqueous electrolytes. Moreover, due to their low corrosivity, organic
electrolytes allow cheaper materials to be used as substrates or current collectors in
fabricated cells. Typical orgé electrolytes includeconducting salts such as
tetraethylammonium tetrafluoroborate (TEABFlithium perchlorate (LiClG) and

lithium hexafluorophosphate (LiRFdissolved in organic solvents such as acetonitrile

or propylene carbonate (P{@)7].

While theyareused widelywithin the products in thearket, organic electrolytes have
low ionic condictivity, high cost, possible flammabilit volatility and toxicity In
addition, they requirgurification and controlled environmefdr the cell assembly

Furthermore, they result in lower specifapacitance.

1.4.3 lonic Liquid Electrolytes

Composed of only ions of salts, ionic liquids)(&re low temperature molten salts with

melting points under 10&. ILsrecently receiveéxtensiveattention due to their high
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ionic conductivity, high thermal, chemical and electrochemical stability and low
volatility and flammability depending on thehosen cation and anion combination.
Most important aspect of thedlis that they can be engineered to meet conditions such
as operating cell Mtage, working temperature, E&Rd electrochemical performance
regarding to ioni electrode reactions by custing the electrolyte composition.
Typical cations for ILs are pyrrolidinium, ammoniusnd imidazoliumwhile anions

are tetrafluoroborate, hexafluorophosphate and dicyandiidie

ILs are reported to hawevoltagewindow above 3 V and even further up to 3.7 V if
pyrrolidinium is used.Imidazolium basedlLs have low viscosity and high
conductivity, thus in general imidazolium based ILsptay higher power densiti@s
SCs[78]. However,they are not sutable for room temperature use and are expensive.

Thus the widespread use of Ils in SCs are limited

1.4.4 Solid-State Electrolytes

Solid stateslectrolytes actsaboth ionic conductsrand electrode seperasprealizing

the growing demand for portable and flexible electronic devi&did-state
electrolytes offersimple packaging and fabrication of supercapacitor devices as the
fabricated device offers a liquidakage free desigRPolymerbased solid electrolytes
can be divided into two subgroups which aelid polymer electroly® and gel
polymer electrolyte (which is also called quasblid-state electrolyte due to presence
of liquid phase) Solid-stateeledrolytes include polymer matrix such psly(ethylene
oxide) PEO) and salt asthium chlorde (iCl), while gel polymer electrolytes include
a polymer host such gmlyvinylalcohol PVA) and an aqueous electrolyte such as
H>SQw. While gel polymerelectrolytes hee the advantage of having higher ionic
conductivity than soligtates, they lack the mechanical strength and opgrati

temperature offered bysolid-state electrolyte/ 7].
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1.4.5 RedoxActive Electrolytes

Redoxactive electrolytes induce pseudocapacitive behaviour to increase the
capacitance o5Csthrough their owrFaradaic reactia These electrolytegenerally
consist of iotde species such agotassium iodide(Kl). Although the use of
redoxelectrolytes is @imple and economimean to obtaifigher capacitance, there

are still issueyet to be resolvedlhese includérreversibility of some redox species

and migration of@dox species between electrofi&s.

1.5 Electrochemical Measurements

1.5.1 Electrochemical Cell Desing

For electrochemical characterization $€Cs,two electrockemical cell designs are
present, namelyhreeelectrode cell and twelectrode cell. Depending dhe cell
design, electrochemical measurementashifferent behaviour andccordingly the

relatedcalculations differ.

Threeelectrode setup consist afworking electrode that is to be tested, a counter
electrodewhich is made from carbosuch asa graphite rodor stable metals such as
gold (Au) or platinum @Pf) and a reference electrodeich as sindard hydrogen
electrode (SHE), saturated calomel electrode (SCE), and Ag/AgCl electrode in
saturategotassium chlorideK(ClI). Purpose of threelectrode cell design is to obtain
electrochemical information only on the working electrode. While the etdemial
measur ement obtained from this setup
condition in afull device, it gives insight on its performance and allows fasesurg

without the need for cellssembly2].

Two-electrode setupcommonly referred as full devicepnsists ofa positive anda
negative electrodevith active electrode surfaces. The use ahematerialin both

electrodes result in a symmetric device, while different electrodes result in asymmetric

20
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devicesA seperator wetted with electrolyte or solid electrolyte acting both as seperator
and ionic conductor is used to seperate electrodes.

Gathering information on one electrode from a symmetric-dlgotrode setups
possible since the electrochemical behavior is expected to be same and total
capacitancean be treated as sum of these tvapacitances connected in sefi2js
However, if an asymmetric cell is used, ih possible to obtain data on an individual
electrode.Moreover, if a symmetti pseudocapacitive SCell is fabricated, redox
activities are suppressed aack indistinguishableSuch an example can be seen in
Figure 110, where a symmetric full device showgectangularcyclic voltammetry

(CV) shape rather than showing any redoxkgea

I/mA

el d o b o ¥ 8§ o1 F o I
-0.8 0.6 0.4 -0.2 0 0.2 04 0.6

E/V vs Hg/Hg SO,

I/ mA
=

Voltage / V

Figure 1.10 CV results of (top) threelectrode and (bottom) symmetric full device
usingpolyaniline(PANIYMWCNT electrode$80].
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1.5.2 Cyclic Voltammetry (CV)

CV is a potentiodynamic testing technique that provides kinetic anatipsmigh
scanning witha variable scan rat@hile providing qualitative and pseudguantitive
analysis It allows the determination ofhe potential orvoltage window of the
fabricated cell Application of several scans also givas insight on reversibility and
reaction mechanisms on the surface of the electrdgein, Figure 110 can be an
example for the CV measurements for both theleetrode setup and full devicells
having pseudocageitive behaviourTypical EDLC typeCV curvescan be seen in
Figure 111.

“ 1- ideal capacitor
2- capacitor with resistivity
3- capacitor with carbon material
4- influence of redox reactions

1 AU- voltage delay
le- capacitive current

Figure 1.11 Typical CV curves forEDLC type electrocheical supercapacitsf55].

Electrode kinetics can be studied by applying diffepeniéntial scan rate.the scan
rate B too fastelectrochemical reactions cannot follow electrode potential change.
Dependence of the reaction kinetms the scan ratean thus give qualitative and

guantitative datg?].
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One way to calculate specific capacitance from CV measurements is to use total charge
transferred during scannin@, in the defined potential range to E> (V). If capacitance

is expressed a3 (F) then:

&

O 0Os

Charge obtaine@Q) through CV scan can also be obtained by integratiomhich i
(A) represents the measured current

Thus, specific capacitanc8y (F.g1), can be obiaed through the equatidoelow:

N
a0 0Os

wherem (g) is the mass of the active material of the working electribag&important
to note that theoretically, the specific capacitance obtained from forward and backward

scangn CV measurement mube samg2].

For a symmetric full device, capacitance obtained from CV measurement includes both

electrodesTotal capacitance in this case becomes

L
& 8 &
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, Where Cp, and C, represents capacitances of positive and negative elegfrode
respectively.Cr represents the total capacitance of the full device thedleulated
assuming these two capacites are connected in serigsthis caseCp andC, are

equal to each otheresultingin a capacitance:
0 ¢o

Thus, theCsp equationbecomes:

,,L, "Qb 'Q C)
aw WS
, WhereV represents the cell voltage avigto V- represents the voltage window of the

cell. It should be noted that in this equatiomepresents the sum of the messf two

identical electrodef?].

1.5.3 Galvanostatic Charge Discharg€GCD)

In galvanostatic charge discharge (GCD) measurements, a constant current is applied
to the cel] while cell voltage is recorded with respecthe charging and discharging

time. It is one of the most reliable electrochemical testing methiod the
determination of capacitance, energy density, power density and cycle stability of the
electrods or full cell. While GCD can be applied boih threeelectrodeand twe
electrode setug makingGCD measurements with twalectrode setugivesin more

accurataesults especially otihe cycle life of the supercapacitt,2].
Voltage of the cell can be calculatedccording to the eqtian below (if the

electrochemical leakage is negligiplehere the resistance to leakage goes infinity)

when charging:
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, o~ o~ O
w oY O +—
(0]

, Where Ve is the cell voltagelcen is the applied constant currerind Resr is the
equivalent series resistan€nce thecharging step is completed, discharging process
starts immediately and voltage of the cell can be calculatgd2js

w oY W O —
0

A typical GCD curve and related components from above equaisopsovidedin
Figure 1.2.
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Figure 1.12 GCD curve of a symmetric supercapacitor cell with 3.8 mg.carbon
loading on 4 crastainless sheets with 0.0025 A:érourrent density using 0.5 M
NaxSOs electrolyte[81].
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Specific capacitance of the EDLC type of erals can be calculated from the
discharge curve having a constant slope of the GCD curve

, wherel (A) is the currentge V(V) is the potential or voltage window (s) is the
discharge time, anch (g) is the total mass of the activeaterials

Discharge slope is not constant for pseudocapacitive materials because of their redox
reactions. In such cases, capacitance of the cell can be calculated using the integral of
the area unddhe curve to obtain discharge enerfy,

o 0 w0QO

, whereV (V) corresponds to the voltage window afterbR From the discharge

energy, capacitancd the cell can be calculated as:

. GO
o SO
w

Here, Ccenl correspods to a capacitance that includes mass of two serially connected

identical electrodes. Thusggof an individual electrode can be calculated82s83]:

Maximum power densitPmax (W.k@ 1) and energy densitEmax (Wh.kg?) of the
fabricated cell can aldme calculated using GCD curvesing equations:
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GCD measurement is especially important for defining the cycle life of the
supercapacitors. Degradmn of cell can bemonitoredusing GCD to charge dn
discharge the cell over marines to observe the loss of specific capacitance and
increase INESR. Theoretically, EDLC typ8Cs can havéfe cycles up to 100,000.
However degradatiomhat occurs througbharging and dihargingcycleslowers both

theenergy and power densiwyith time [2].

1.5.4 Electrochemical Impedance Spectroscop(ElS)

Electrochemicaimpedancespectroscopy (EIS) or AC impedance spectroscopy has
been developedor wet chemistry byOliver Heavisidetowards late 19 centuy
Nowadays, EIS is employed widely in the reseaspecially orthe characteziation

of batteies, fuel celland supercapacitofer its ability to obtain information over an
infinite frequency range by linear electrical perturbation and its experimental efficiency
[84,85]

EIS gathers informatiothrough the analysis @lectrical characteristics by employing
a very snall AC amplitude signals. For SCEIS can be applied within a large
frequency range from 0.001 to 3,600,000 Hz, without effectingctieacteristic
properties of the electrode. ThusIS is also defined asa nondestructive

characterization technique.

Impedance is defined withilinear systems theory and thresquires four important
boundarie$85]:

I. Linear equations must be used to describe response of the system

27



il. System should relax to its initial statiéed AC perturbation is removed and
hencethe system must be staple
iii. System must not produce a response before perturbation is applied

iv. Impedance must be finite

A linear relation between theugent and the voltage exists whtre applied AC

perturbation is small enougtvhile theoscillating frequency is defined:as

T ¢t Q

,WhereZ is the impedancé/is the voltage antlis the currenty andl can be expressed
in detail as

W] 1 WwQdM o
qQ ] 0QQno %

Hence, impedance can be expressazhms ) as

T W,
,8an%0

o)
T

,whereZ(¥ )is defined as complex impedance. This function with respect to oscillating
frequency can also be defined as

~
g

W] @) @

, WhereZreandZm are the real and imaginary impedances, respectivdigsd®angle
in the functionZ(¥ )can beexpressedisingZreandZm as

o O
%00 AOAG(,;—)A—I J
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By these definitions, it is possible to linearize the complex electrochemical system and
obtain an analogous electrical circuit that represents the electrochemicalhzeidin

This equivalent circuitallows gathering information otihe behaviour of the system

and reactn Kkinetics [1]. One of the most basic circuit to represent basic
electrochemical reactions, Randles equivalent circuit, and a model that includes both
double layer and pseudocapacitance can be seen in FigBifa)lahd (b), respectively

In the figuresRsis equivalent series resistanagich corresponds to the resistance of
the system containing el e€&tis dadrgettransfeand el
resistance\Wis Warburg diffusion component, or diffusion impedantech is die to

ionic diffusion at the interfac€g is capacitance of the double lay€psis capacitance

of the pseudocapacitive material, &gk« is resistance to possible leakage resistance.
Warburg diffusion component ifigure 1.B (a) is required in te @ase of fast

adsorption kinetic§36].

Ll
Cdl

Rs Cdl

¢
|

Rleak

Figure 1.13 Equivalent circuit exaples for EIS(a) Randles circuit anf) circuit that

contains pseudocapacitance in parallel with EDLC

Nyquist plots, which are|&vs Zze, are importantto analyzesupe apaci t or sdé be
Typical Nyquist plots for EDLC and pseudocapacitive typenaterials can be seen in
Figure 1.4. At high frequencies, charge transfer resistafiR® and double layer

capacitance and at low frequencies, mass transport impedand®minant.
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Figure 1.1 (a) can be represented easily witk &d G, which are redted with
equivalent system resistance and charge accumulation at the electrode/electrolyte
interface respectivelyin ideal cases, capacitance should be constant over a range of

frequences resulting in a vertical Nyquist pl¢t].

Figure 1.4 (b), on the other hand, is typical behaviofia pseudocapacitive material.
Since the enexgs storedthroughfaradaic processesinetic rate constanighichlimit

the mass transfemay exist. Of course, in a real case, electrode porosity and
morphdogy could effect the impedanc&hus, resistances and capacitances are not

constantvith respect to frequendy].
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Figure 1.14 Nyquist plots of(a) ideal EDLC andb) idealpseudocapacitdf]
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1.6 Motivation of This Thesis

As discussed earlier, carbanaterials aranvestigatedextensively as SC matals
especially due to their high conductivity and tunable specific surface area and pore
structure. Being one of them, SWNGiger excellent electrical conductivity and unique
morphology

Motivation of this thesis is to investigate the integratioplofsically and chemically
modified SWNTSs to the SCas electrode materialls Chapter 2, SWNT thin films are
chemicallymodified throughelectrodeposition o€0:04to form nanocomposite thin
film electrode and influence of the SWNTs on the formationtleé nanocomposite
and the electrochemical performancef the fabricated nanocomposite thin film
electrodess investigatedin Chapter 3binderfree SWNT buckypapers are physically
modifiedby laser ablatiorio obtain micresupercapacitor devicedgthout any need for

interdigitated contactand their capacitive behavior is investigated
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CHAPTER 2

COBALT OXIDE NANOFLAKES ON SINGLE WALLED CARBON
NANOTUBE THIN FILMS FOR SUPERCAPACITOR ELECTROD ES

2.1 Introduction

ECs which ae also known as SCsre highly appealing potential energprage
devices due to their high chardistharge rat long cycle life and high power density

[5]. ECs have been known for almost 60 years with patentsgdadick to 1957 based

on a capacitor utilizing the high surface area of cafBgl. ECs attracted much more
attention in recent years due to slow power delivery and uptakeion lbatterie46].

The main concern in ECs is their low energy density, thesrecent research on
supercapacitors is mainly focused on improving the energy density through the
development of novel electrode active materials which also have high electrical
conductivity, resistance to electrolyte corrosion and wide availabilitly leitv cost

[87]. In fact, it is also poskie to increase both energy and power density by increasing
the charge accumulation and improving the charge traj@fgthrough improving the
electrode architecture using nanostructured materials such asviren§39],
nanotubeg90] and nanorod$91]. This minimizes the diffusion length for ions and
electrond92].

There are two types of ECs based on their charge storage mechanism. Firgt and th
commercialized one is the EDL@st are based on carbon as active materials and their
charge storage mechanism arises from electrostatic attraction betweeardicha@ed
surfaces. Second is pseudocapacitors, in which charge storage is provided by electron
transfer mechanisms, namely faradaic reactions at the surface of the active materials
such as transition metal oxides or conducting polym@2]. RuQ based
supercapacitors were extensively studied and reported to have specific capacitances
above 700 F/g[93]; however, toxicity and high cost limited their widespread

utilization. Instead, claper and environmentally friendly materials with similar
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capacitive behavior were encouraged. Being one of themDsCeas extensively
investigated as an alternative material for supercapacitors due to its high
pseudocapacitive properties.40a can be sythesized via various methods to be used

in supercapacitors, such as electrodeposif 97], chemical growth[98i 100],

facile coprecipitation [101], rapidmicrowave assisted synthesi§102],
electrospinnind103], laser ablation in liquid104] and hydrothermal synthedi28,

29]. Moreover, fabricated G@s were used in nanocomposite form, enhancing their
capacitance and improving their stiw@l integrity. Fabrication of G4
nanocomposites with nickel foafir5,106,107] grapheng108], carbon nanotubes
[109], copper foil[97], stainless steel fojp6] and ITO films[104] have been reported

in this manner. Last but not least, several morphologies f{was investigated with

an intention to obtain better charge storage performance includinglaltestructures
[89,107,109] nanowirs [75,89,106] nanoflakes [97], nanowalls [110] and
nanoporou$l11] structures. Among these morphologies 08@p nanoflakes arthe

mog promising one due to its large surface area and thin flake morphologies. Yet,
research on the determination of the electrochemical potentiak®f@Ganoflakes on

SWNT thin films in organic electrolytes remained elusive.

In this study, we presentravel and an easy route for the fabrication o@¢SWNT
nanocomposite thin film electrodes on glass substrates. SWNT thin films are used as
thecurrent collectors for EC electrodes instead of conventional metal foils and the use
of organic electrolytesrpvided a wider potential range in anodic region compared to
the extensively reported mdow with potassium hydroxideStructural and
electrochemical characterizations of the nanocomposite thin films are followed by
detailed morphological analysis conduttrough transmission electron microscopy

(TEM) in conjunction with galvanostatic charge/discharge cycles.
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22  Experimental Section

22.1 Materials

SWNTSs used in this study was purchased from Carbon SolutiorSVRBI) with a
diameter and lengthof 1.55 nm and 500 nm, respectively. Sodium
dodecylbenzenesulfonate (SDBS) and cobalt (1) nitrate hexahydrate (€e@H20,
ACS reagent 98 %) are obtained from Sigasddrich. Nitrocellulose filter
membranes (GSWP, 0.22m pore size) are purchased fravterck Millipore. All

materials are used without further purification.

2.2.2 Preparation of SWNT Thin Films

SWNT thin films are prepared using vacuum filtration and consecutive stamping
method[37, 38]. Theyare utilized as both current collectors and EDLC on the glass
substrateg-or the preparation of thin films 1wt % of SDBS dispersant$ dissolved

in 250 mL of DI wate(18.3MY -cm) using tip sonication for 10 minutes. Afterwards,
1.5 mg of SWNTs are added to the solution and tip sonication is conducted for
additional 10 mintes. 20 mL of the as prepared solution is vacuum filtrated with a rate
of 18 mL/minc m¢nto filter membranes, which correspondsatSWNT weight of

0.06 mg.crit. Deposited SWNT films on filter membranes are rinsed with
deionized water to remove exces®BES. Glass substrates were cleaned via
sonication in acetone, isopropanol and deionized water for 15 minutes each
followed by an oxygen plasma treatment for 5 minutes (Femto Science CUTE).
SWNT filtrated membranes are placed onto cleaned glass sukstrate
compressively loaded (5 N.cfh and dried for 2 hours at 80A C
After drying, filter membranes are  dissolved and washed
with acetone to dissolvethe membrane, leaving SWNT thin fiém over

an area of Zm? on glass substratesSWNT thin films are further cleaned with
acetone and isopropanol to remove remnantsthef membrane and SDBS.

Additional cleaning is conducted by soaking SWNT thin films into 50%
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nitric ~acid (HNQ, 65%) solution, which also improved the
conductivity of SWNT thin films[114]. Films are rinsed with water and dried
following the acid treatment. External contacts are painted using a conductive carbon

paint.

2.2.3 Fabrication of Nanocomposite Thin Film Electrodes

A 0.05 M solution of Co(N®@)2.6H-0 is freshly prepared for electrodeposition using
platinum foil as the counter electrode and Ag/AgCl in saturated KCI solution as the
reference electrode. Gamry Regnce 3000 is used as potentiostat/galvanostat system
for the electrodeposition proces30(OH) is electrodeposited onto SWNT thin films
usingCV between a potential range of 0-th2 V for 30 cycles at a scan rate of 20
mV/s. Electrodeposition is condied at room temperature and the glass substrates are
rinsed with DI water at the end of the electrodeposition. Fabricated CaEWNT
samples are annealed in ailQ0A @o form CaO4/SWNT nanocomposite electrodes

and used in electrochemical analysighout any further process

2.2.4 Characterization of the Fabricated Thin Film Electrodes

X-ray photoelectron specsoopy analysi$XPS)and Raman spectra of bare SWNT

thin films andCosO4/SWNT nanocomposite electrodes are collected via PHI 5000
VersaRobe spectrometer and HORIBA Jovin Yvon iHR550 (laser wavelength of 532
nm), respectively. Charge corrections and binding energies of corresponding bonds are
referenced to the C (1s) at 284.5 eV. Morphology and the structure of the thin film
electrodes & characterized by scanning electron microscopy (SEM) using a FEI Nova
Nano SEM 430 microscope (operated at 10 kV). SEM samples are prepared through
gold sputtering prior to the analysis to prevent charging caused by the glass substrate.
Further structuranalysis is performed by TEM using a JEOL TEM 2100F microscope
(operated at 200 kV). For the preparation of TEM samples, nanocomposites are scraped
off the substrate, sonicated in ethanol and degtedonto TEM grids.
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Electrochemical characterizatiorf the electrodes was performed using a Gamry
Reference 3000 potentiostat/galvanostat system in-dtee&rode configuration under
ambient conditions. Ag/AgCl in saturated KCI and platinum foil are used as the
reference and counter electrodes, respectivaly potentials are relative to the
Ag/AgCl reference electrode. 1 M lithium perchlorate (Li@I propylene carbonate

(PC) is used as the electrolyte solution for electrochemical measurer@ants.
galvanostatic chargdischarge curves (GCD), and poiestatic electrochemical
impedance spectroscopy (PEIS) methods are used for the analysis of electrochemical
behavior of the fabricated thin filmA.Sartorius Research R20@kicrobalance is used

to measure the mass of the deposited cobalt oxide as the acterial, which was

approximately 0.12 mg.ciper electrode.

23 Results and Discussion

23.1 Formation of Nanocomposite Thin Films

Fabrication of CegO4/SWNT thin film electrodes are simply achieved by
electrodeposition of Co(Oklpnto vacuum filtrated SWNT thin films via CV within a
potential window of 0 to-1.2 V at a scan rate of 20 mV/s. This is followed by
calcination to obtain G@4. CV curves obtained during the deposition of Co(£dh)

SWNT thin films for 30 cycles are showin Figure2.1 (a). Voltammogram gets
narrower as the deposition proceeds, indicating that the amount of Cal€pdsited
decreases on each cycle since the surface area of SWNT decreases gradually with
continuous nucleation and growth of Co(QHJecreaimg the number of available

nucleation sites.
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Figure 2.1 @) CV curves obtained during the deposition of Co(Qdth) SWNT thin
films. Top view SEM images db) bare SWNT thin film(c) CaO«/SWNT thin film
and(d) crosssectional SEM image of GO4/SWNT thin film[115].

Reactions governing the formation of Co(QHlyer is given af95],

CO0 ¢QO0'0'Q ci'O (1)

8¢ 0O O 3E50 @)
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First reaction is associated with the evolution of hydrogen while the latter shows the
formation of Co(OH) with the reaction of Cd ions and hydroxyl groups formed
during the first step. At the end of 30 cycles, Co(&WNT thin films are washed

with DI water and dried at 58 under ambient conditions for 1 houbried
Co(OHY/SWNT thin films are then caleed in air at 198 to obtain CeO4/SWNT

nanocomposite thin films. Calcination reaction can be gived 1§j:

b €60 -0 © 640 00U 3)

2.3.2 Characterization of Nanocomposite ThinFilms

Morphology of the fabricatedCosO4/SWNT nanocomposite thin films on glass
substrates are investigated through top view and -sesttonal SEM images, which
are provided in Figur.1 (b)-(d). SEM images reveal the porous nanoflake structure,
which would facilitate ionic transpof19,117] Crosssectional SEM image provided

in Figure2.1 (d) show a uniform thickness of about 1.8 for the nanocomposites,
demonstrating a uniform growth of @ on SWNTs via electrodeposition. TEM
analysis is conducted both for the as prepared and electrochemically cycled (1500 and
3000) thin films in order to monitor the morphological and structural stability of the
Caoz04nanoflakes during cycling.-spacing vales (Table.1) are calculated from the
selected area electron diffraction (SAED) patterns in TEM images
(Figure 2.2 (c), (f) and (i)) using Gatan Digital Micrograph 3 software. These
experimentally obtained-slpacing values clearly indicate that thistained oxide is
Co04 (JCPDS card no 42467).1t is evident from the TEM images that the
electrochemically deposited Co(QHnd progressively obtained & is textured.
SWNTs might be the reason for this texturing, since the number and the orieotation
available nucleation sites for €@ nanoflakes strongly depend on the walls of
SWNTSs.
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Table 2.1Experimentally determinedsbacingvaluesobtained from TEM diffraction

using Gatan Microscopj15].

Asprepargcj:_cnOdSWNT After 1500 cycles After 3000 cycles
thin film

No | Plane group dspacing dspacing dspacing
1 {111 476 477 474

2 | {202} 292 292 2.86

3 | {113} 247 246 243

4 | {222} 2.38 Not observed Not observed
5 | {004} 206 207 2.02

6 | {224} 168 1.69 Not observed
7 | {333} 158 157 155

8 | {044} 145 145 143
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Figure 22 TEM images of prepared, galvanostatically 1500 times and 3000 times
charged and discharged {Oa/SWNT nanocomposite thin film electrodes &t (d),

(g9) low magnification, (b (€), (h) highmagnification and (g (f), (i) corresponding
SAED pattern withidentified planes, respective]§15].
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